Bolted space frames are usually used to allow easy assembly and disassembly, as well as replacing defective components. Although the performance of bolted space frame structures under static loads is well understood, research on the shock propagation through these frames is limited. The focus of this study is to understand shock propagation through space frames, which is a critical factor when assessing the functionality of these frames. In this research, a lab-scale space frame structure, comprising hollow square members that are connected together through bolted joints is constructed. Non-destructive impact testing is carried out on this structure and the resulting acceleration signals at various locations are recorded. The objective of this work is to develop a finite element (FE) modeling approach that can reasonably replicate experimental results.
INTRODUCTION
Finite element analysis is broadly used for simulating the transient response of structures under dynamic loading. However, limited research is available in assessing the adequacy of the FE codes in modeling shock loadings across structures with bolted joints that are commonly used in the space frames of vehicles. It has been observed that load transmitted within an assembled structure, like a space frame, is influenced by the distribution of bolted joints in the space frame structure [1] . The authors of [2] reached a similar conclusion.
Of particular interest is the shock propagation within vehicles, which was the focus of several researchers such as [3−8] . Vehicles typically contain internal space frames, which are structures made of members joined together by bolts, rivets, pins, weld, adhesives and so on. These joints play a very important role in maintaining the structural integrity of a space frame structure. Transfer of shocks through joints has substantial influence on the dynamics of the structure as joints make major contributions to the damping of the structure [1, 9] . Friction in bolted joints is one of the sources of energy dissipation in mechanical systems. Sandia National Laboratories has investigated energy dissipation due to micro-slip in bolted joints [10] . Song et al. [11, 12] have developed an adjusted Iwan beam element (AIBE), which can simulate the non-linear dynamic behavior of bolted joints on a vibrating frame. The simulated and experimental impulsive acceleration responses had good agreement validating the efficacy of AIBE.
Different methods have been employed to determine the dynamic response of space frame structures. Studying the natural frequencies, modal behavior, and damping of a structure, which constitute its dynamic characterization, can yield a better understanding of the dynamics of the structure and its reliability [13] . The frequency response function (FRF), which is obtained from fast Fourier transform (FFT), is the common method for determining the natural frequencies and mode shapes of a structure [14] . However, a simpler procedure is to determine the natural frequencies of a structure directly from the FFT; the frequencies corresponding to the conspicuous peaks in the FFT signal are the natural frequencies of the structure [15] . Responses measured from impulsive loading (impact or blast) are typically accelerations, velocities and displacements at critical locations on the structure. While comparing the FE predictions with the experimental results, one of these measures is typically considered [16] .
The objective of this work is to understand how to use FE to accurately model shock propagation through bolted space frames. Section 2 contains description of a lab-scale space frame structure that is built for this purpose. The members and joints of this structure are based on a proposed design for a military vehicle space frame structure. Section 3 explains the procedures for impact testing of the structure. A FE model of the structure is developed in Section 4. Section 5 compares the FE results with the experimental ones. Conclusions and suggestions for future work are contained in Section 6.
2 LAB-SCALE SPACE FRAME The lab-scale space frame was in the form of a cube-shaped structure to help understand shock propagation along three orthogonal directions. Figure 1 shows a model of the structure whose overall length is 482.6 mm. The cube was made of 12 hollow square-sectioned members that are connected by joints. This arrangement follows a proposed design of a military vehicle space frame [17] , which was developed to allow speedy exchange of damaged member of the space frame.
Each joint was composed of two C-cross sectioned halves that enclosed two members, Fig. 2 . Each half of the joint had two L-shaped orthogonal branches. The two halves were bolted to the two members they enclose. A third member was placed at the corner of the joint and an angle was used to enclose the third member and connect it to the joint through two bolts. The angle itself was bolted the two halves using two bolts. Therefore, six bolts are used in each corner of the cube. The length and outer width of the branches of a joint were 114.3 and 50.8 mm, respectively. The frame members that were fully enclosed within the joints were 342.9 mm long, whereas those bolted to the angles were 482.6 mm long. Figure 3 shows the different sections used in the lab-scale space frame and Table 1 presents the dimensions of these sections. The frame members, joints, and angle joints were made of aluminum 6061 alloy. The material characteristics of this alloy are listed in Table 2 . Steel SAE Grade 5 ¼ inch coarse thread bolts were used throughout the structure. Relevant specifications of the bolts are listed in Table 3 . The weight of the structure, including nuts and bolts, was 11.4 kg. The assembled structure is shown in Fig. 4 . The opposing surfaces of the joint halves were machined off by 1.6 mm (Fig. 5) , so as to obtain a more uniform contact between the joint and the frame members. 
Material model
Although the impact hammer produced a limited force that would typically maintain the structure within the elastic region, it was decided to use an elastic-plastic bilinear model for the members in case localized plastic deformation occurs at the impact location and results in energy dissipation that may affect shock propagation. A MAT_PLASTIC_KINEMATIC material model, as defined in LS-DYNA [18] , was used to describe the aluminum 6061 alloy. This material model is shown in Fig. 6 .
Tightening of joints
The bolts were tightened to a specific preload to keep the experimental results consistent. Bolt tightening also reduced the noise in the output signals. These tightening force and torque values were calculated using the standard bolt design equations shown below [19] .
where, F i is the bolt tightening force, S p is the proof strength of the bolt material, A t is the thread tensile stress area of the bolt, T i is the bolt tightening torque, d p is the pitch diameter of the bolt thread.
In this research, all bolts were tightened to a preload of 10.8 kN. To obtain this preload, a torque of 12.5 N-m was applied to the bolts using a torque wrench.
IMPACT EXPERIMENT
The space frame was placed on an aluminum support (shown in Fig. 4) , in all experiments. A member of the top of the frame member was impacted at a mid-point location with an instru- mented force hammer and the acceleration was recorded using an accelerometer that was attached to the mid-point on the opposite side of the frame. A current source (signal conditioner) was used to supply voltage to the force hammer and the accelerometer. The output voltages obtained from the force hammer and accelerometer were converted into waveform and displayed by the oscilloscope. The sampling rate used for collecting data was 1 MS/s. Figure 7 depicts the setup for the impact testing of the cube space frame. A MATLAB program was written to obtain the FFT of the acceleration waves, from which the natural frequencies of the cube space frame were determined.
FINITE ELEMENT MODEL
Initial attempts to use shell and solid elements provided inaccurate acceleration results due to the complexity of modeling contact between the various components of the space frame. It was therefore decided to use beam element to model the space frame as bolts were preloaded to the same tightness ensuring that all mating components behaved as a single body. Therefore, all components of the space frame structure were modeled using beam elements, which made the proposed approach simple and computationally inexpensive.
Altair HyperMesh version 9.0 was used to create the FE model of the lab-scale structure, whereas the explicit code LS-DYNA version 971 [18] was used to process the FE model. The length of each beam element was maintained at 3.2 mm. The bolts and angle joints were not physically modeled in the FE model, but their mass was taken into account by adding mass elements, having the total mass of the bolts, nuts, and angle joint present at a joint location, to each corner of the cube, Fig. 8 . The joints of the structure were modeled as two parts. The first part comprised the combined cross-section of the frame and the joint. The second part consisted of just the joint cross-section. These two parts were shown in blue and red colors in Fig. 9 . The resulting model had 1832 beam elements. Common elements between different component faces were merged to obtain contact definitions between them. Four nodes on the bottom of the cube model were constrained, as shown in Fig. 8 , to represent support of Fig. 4 where the cube was only restricted to move in the vertical direction (z-axis) during the experiment.
A typical experimental impact force signal was used to simulate the impact on the FE model, Fig. 10 . The dynamic response of the cube space frame model was stimulated for 8 ms. An Intel Xeon processor with 3 GHz speed and 2 GB RAM approximately took 6 min to finish the simulation. 5 RESULTS Using a Butterworth low-pass filter, both acceleration signals were filtered at 10,000 Hz, which was the limit of the accelerometer frequency range. Figure 11 compares the filtered acceleration signals. The figure shows that the FE acceleration signal accurately matches the first major peak of the experiment, with some deviation in the subsequent acceleration peaks, where those of the FE model are typically smaller than the experimental ones. This pattern is reversed in the last 2 ms.
To better understand the acceleration results, experimental and computational FFT of the acceleration signals were developed. FFT of the experimental and simulated acceleration signals are shown in Figs. 12 and 13, respectively. Based on the FFT curves, the natural frequencies of the frame were extracted, (shown in Table 4 ). The first natural frequency of the experimental signal was 530 Hz, whereas the simulated first natural frequency of the cube was 500 Hz. The table shows that the FE model can predict the remaining experimental natural frequencies. Other results are close to each other, including the dominant natural frequency of 1500 Hz. It was noted that the natural frequency of 810 Hz predicted by the FE model was barely visible in the experimental curve.
CONCLUSIONS
The objective of this paper was to propose an approach for modeling shock propagation through a space frame composed of bolted members and joints. A lab-scale space frame structure, in the form of a cube, was created. The frame was made of aluminum square hollow that are connected through a combination of joints and angles and bolted together. The final design comprised 36 structural components and 48 bolts, which were tightened to the same preload. Non-destructive impact experiments were conducted on the structure and the resulting accelerations were recorded. Modeling contact between the various components of the space frame is complex and computationally intensive. As all bolts were preloaded to the same tightness ensuring that all mating components behave as a single body, it was Figure 13 : FFT of the FE natural frequencies.
therefore decided to develop a finite element model made entirely with beam elements. This model provided proof of combination of simplicity and accuracy that shell and solid elements do not provide. Overall, the simple beam model was able to accurately model this complex space frame. Simulated acceleration results were compared to the experimental data. The initial peak of the acceleration signal was captured by the FE model and the frequency of the predicted signal compares well with the experimental signal. To verify the results, a comparison of the FFT of the acceleration signals was conducted. The results show that natural frequencies, including the dominant natural frequency, match. Future research can include:
• Exploring ways to model the bolts individually.
• Mitigating transmitted shocks by optimizing the dimensions of the joints.
• Conducting impact experiment using drop weight towers or projectiles and adjust the model to allow predicting the transmitted shocks.
